The wood structure of two related African genera, Cussonia Thunb. (15 of 21 species) and the monotypic Seemannaralia R.Vig. (Araliaceae) is examined. The considerable diversity in wood anatomical characters within these taxa is mostly related to environmental factors; taxonomic groupings or phylogenetic relationships seem to be less important. The shortening of vessel elements and fibres, an increase in vessel number per group, a decrease in vessel diameter and a reduction in the number of bars of perforation plates, are associated with the more temperate species. The changes in vessel grouping show a significant correlation with rainfall. The placement of the simple-leaved Cussonia species in the subgenus Protocussonia and the isolated position of C. paniculata Eckl. & Zeyh., the only member of the subgenus Paniculatae, are supported. Many Cussonia species share a very low fibre to vessel element length ratio. Despite the basal position of Seemannaralia relative to Cussonia revealed by molecular data , its wood structure is more specialised in terms of the Baileyan major trends in wood evolution. This discrepancy may be the effect of a long-term adaptation of tropical ancestors of Seemannaralia to drier biomes.
INTRODUCTION
The Araliaceae are relatively poorly represented in Africa, with five indigenous genera and one naturalised (Klopper et al. 2006) ; only two of them, namely Cussonia Thunb. and Seemannaralia (Seem.) Vig. are endemic to this continent. Cussonia comprises 21 species (one of which is currently undescribed) that are evergreen or deciduous trees or shrubs (occasionally caudiciform geophytes) showing a considerable range of leaf types: both simple and compound mono-and bi-digitate, as well as ternate (Cannon 1970 (Cannon , 1978 Strey 1973 Strey , 1981 Bamps 1974a Bamps , 1974b Reyneke 1981 Reyneke , 1982 . The genus The present study, which also contributes to a general survey of the wood anatomy of Araliaceae (Oskolski 1994 (Oskolski , 1995 (Oskolski , 1996 (Oskolski , 2001 Oskolski & Lowry 2001; Oskolski et al. 2007) , surveys the wood structure of 15 Cussonia species and Seemannaralia gerrardii. The results are interpreted in terms of the systematic relationships and environmental features of these genera.
MATERIAL AND METHODS
Most of the wood samples examined were collected by the authors during field work in South Africa in 2007, or obtained from the wood collections at the Bundesforschungsanstalt für Forst-und Holzwirtschaft, Hamburg (RBHw), the Centre Technique Forestier Tropical, Montpellier (CTFw), the Royal Botanic Gardens, Kew (Kw), the Nationaal Herbarium Nederland, Utrecht (Uw), and the Musée Royal de l'Afrique Centrale, Tervuren (Tw). Voucher specimens are deposited at JRAU, MO, and various other institutions, as shown in Table 1 . Wood samples of Cussonia holstii and C. gamtoosensis Strey were obtained from P.P. Lowry II (Missouri Botanical Garden, St. Louis, and Musée national d'Histoire naturelle, Paris). The samples were taken mostly from stems with a secondary xylem radius of more than 10 mm, i.e. the distance from the pith where the average length of vessel elements in Araliaceae is likely to have reached mature values (Baas 1976) . The sample of C. holstii may be juvenile as information from the voucher specimen is insufficient for making a clear determination. A list of the samples examined is given in Table 1 , together with authors for names, which are not repeated from here on. Data on the mean average rainfall and biome type are based on Ernst & Walker (1973) , Lovett & Pócs (1993) , Linder (2001) , Olson et al. (2001) , Burger (2002) and Woodward et al. (2004) .
Standard procedures for the study of wood structure were employed to prepare sections and macerations for light microscopic studies (Carlquist 1988) . Descriptive terminology follows Carlquist (1988) and the IAWA List of Microscopic Features for Hardwood Identification (IAWA Committee 1989) .
Principal Components Analysis (PCA) was used in an effort to establish an integrative view on the variation of wood features and, in particular, to differentiate among between-sample variation patterns in wood anatomy and environmental characters. A total of 16 variables, in which the variation appears to be more or less independent of one another, were selected for the PCA. These are the radius of the wood sample, average length of vessel elements, average length of fibres, maximum number of bars per perforation plate, percentage of simple perforation plates, average number of vessels per mm 2 , percentage of solitary vessels, average diameter of vessel lumina, average vertical size of intervessel pits, maximum width of multiseriate rays (in cells), average height of multiseriate rays, average number of uniseriate rays per 1 mm, average number of multiseriate rays per 1 mm, average tangential size of ray cells, latitude and annual rainfall. Ecological and latitudinal trends in the variation of wood features have been estimated by an analysis of variance (ANOVA). The programme package STATISTICA 7.0 was used to perform the PCA and ANOVA test. (Table 2 ; Fig. 1 -10, 13, 14, 16-18) . Growth rings mostly indistinct [but absent or very indistinct in C. bancoensis ( Fig. 7) and C. transvaalensis] and marked by differences in fibre wall thickness between latewood and earlywood [C. arborea ( Fig. 1) and C. sphaerocephala], or by tangential bands of radially flattened fibres (Fig. 3, 5 ), or sometimes in combination with interrupted lines of marginal axial parenchyma [C. natalensis ( Fig. 9) ]; fibres of varying wall thickness in earlywood and latewood in C. natalensis (Fig. 9 ), C. nicholsonii and C. zuluensis (BdV99).
RESULTS

Cussonia
Vessels solitary, in clusters and in radial multiples of 2 to 6 (up to 12 in C. bancoensis, C. gamtoosensis, C. holstii and C. transvaalensis, and up to 14 in C. paniculata). Vessel frequency from 7 per mm 2 in C. zuluensis (BdV92) to 25 per mm 2 in C. arenicola. Intervessel pits mostly scalariform to transitional and alternate in C. arenicola (Fig. 16) , C. spicata, C. sphaerocephala and C. transvaalensis, or mostly alternate (sometimes scalariform and transitional) in other taxa (Fig. 13) , 4 -9(-13) µm in vertical diameter, with rounded and polygonal in outline [mostly rounded in C. sphaerocephala, C. spicata, C. thyrsiflora, C. transvaalensis, C. zimmermannii (RBHw 1865) and C. zuluensis] with slit-like apertures. Vessel-ray and vessel-axial parenchyma pits similar to intervessel pits in size and shape, half-bordered, with indistinct borders (Fig. 17) , but occasionally distinct in C. arborea, C. natalensis, C. nicholsonii (Fig. 18) , C. paniculata, C. sphaerocephala, C. spicata, and C. zuluensis. Helical thickenings absent throughout. Vascular tracheids not found.
Fibres libriform, thin-walled in C. arborea, C. transvaalensis, C. zimmermannii and C. zuluensis [1.3-4(-6 ) µm], and also moderately thick-walled, fibre walls 2-6(-9) µm thick in other species, with few simple to minutely bordered pits, with slit-like apertures in radial walls. Septate fibres relatively few in C. angolensis, C. bancoensis, C. gamtoosensis, C. holstii and C. zimmermannii (Tw39164), and numerous in other species studied (Fig. 13) .
Axial parenchyma scanty paratracheal [mostly solitary strands near vessels in C. arborea, C. arenicola, C. bancoensis, C. gamtoosensis, C. nicholsonii, C. spicata (BdV1, BdV60), C. transvaalensis, C. zimmermannii and C. zuluensis, and in incomplete (sometimes complete in C. paniculata) sheaths in other species], and marginal (forming interrupted tangential lines in C. natalensis). Strands of (3-)5-7(-17) cells.
Total number of rays per mm 1.5-4.5, rays uni-and multiseriate of 2-3(-4) cells in width in C. arenicola (Fig. 6) , C. gamtoosensis and C. nicholsonii, and wider in other species [up to 8 cells in C. transvaalensis, up to 9 cells in C. bancoensis (Fig. 8) and C. brieyi, and up to 10 cells in C. paniculata (Fig. 4) and C. natalensis (Fig. 10) ]. Ray height commonly < 1 mm, but some rays exceed 1 mm in all species studied except in C. arenicola, C. gamtoosensis, C. holstii and C. transvaalensis. Multiseriate rays with procumbent body cells; upright and square cells in a few rays forming 1 marginal row in C. holstii and C. natalensis (Fig. 10) (Kribs' type Homogeneous I), or in nearly all rays forming 1 to 2 marginal rows (Fig. 2) , or 1-4 (up 6) marginal rows (Fig. 4, 8 (Fig. 8) , C. brieyi, C. holstii, C. natalensis (Fig. 10) and C. thyrsiflora], or as incomplete sheaths, sometimes complete sheaths in C. gamtoosensis, C. nicholsonii, C. paniculata (Fig. 4) , C. transvaalensis and C. zuluensis (BdV99)]. Uniseriate rays mostly of square and upright cells. Radial canals in all species examined, rather narrow (15-40 µm in diameter), bordered by few small, thin-walled epithelial cells (Fig. 2, 4, 6, 8, 10) ; frequency varies considerably between samples, and shows no clear relationship to taxonomy or ecology. No mineral inclusions observed in any of the species examined. seemannaralia (Table 2 ; Fig. 11, 12, 15) Growth rings distinct, marked by tangential bands of radially flattened fibres, by differences in vessel frequency and diameter between latewood and earlywood (Fig. 11) . Solitary vessels rounded, rarely angular in outline, rather narrow (tangential diameter < 90 µm). Vessel frequency c. 20 per mm². Vessels solitary and in radial multiples and clusters of 2 to 6 (up to 12). Vessel walls 2-4 µm thick. Tyloses not observed.
Average vessel element lengths medium [(160-)450-580(-940) µm long]. Perforation plates mostly simple, sometimes scalariform with few (up to 8 in BdV107) wide or narrow bars (Fig. 15) , in more or less oblique end walls. Forked bars on scalariform perforation plates. Intervessel pits with alternate arrangement, 4-9 µm in vertical size, mostly with polygonal or rarely rounded outline and slit-like apertures. Vessel-ray and vessel-axial parenchyma pits scalariform (Fig. 15) to alternate, half-bordered, with indistinct to narrow borders. Helical thickenings absent throughout. Vascular tracheids not found.
Fibres libriform, thin-to thick-walled, fibre walls 2-6(-7) µm, with few simple to minutely bordered pits, with slit-like apertures in radial walls, almost exclusively septate.
Axial parenchyma scanty paratracheal in incomplete sheaths near vessels. Strands of axial parenchyma of 5 to 8 cells.
Total number of rays per mm 1.5-3, rays uni-and multiseriate with 2-5(-6) cells in width. Ray height < 0.5 mm. Multiseriate rays of procumbent body cells; upright and square cells in a few rays forming 1 to 2 (to rarely 3) marginal rows (Kribs' types Homogeneous I to Heterogeneous IIb), and rarely also as solitary sheath cells (Fig.  12) . Uniseriate rays mostly of square and upright cells. Radial canals absent. Crystals not found in ray cells.
numerical analysis
The loadings of the four factors (i.e. coefficients of correlation between the factors and the characters examined) with the greatest influence in the Principal Components Analysis (PCA) are shown in Table 3 . Together they explain 67.8% of the total variation, with the first factor accounting for almost one third of the total variation. The scores of the two most important factors for each of the species under study are given in Table 2 . The pattern of within-sample variation of wood characters examined and of the environmental variable (summarised by the distribution of the scores of Factors 1 and 2) is presented in Figure 19 .
Factor 1, which explains 33.2% of the total variation, shows a high negative correlation with length of vessel elements, length of fibres, and diameter of vessels, and a high positive correlation with percentage of solitary vessels, and a weaker correlation with the percentage of simple perforation plates and latitude. To a certain degree, Factor 1 correlates negatively with the height of multiseriate rays, and with annual rainfall. As the interrelated variation of these wood features is unlikely to be the effect of a common morphogenetic cause, we suggest that Factor 1 shows an influence of environment on wood formation. To test this suggestion, a statistical analysis (ANOVA) of latitudinal and ecological trends for wood features was performed and is discussed below. The influence of Factors 2, 3, and 4 on total variation is considerably lower than that of Factor 1. Factor 2 shows a weak negative correlation with the size of intervessel pits. As for Factors 3 and 4, their interpretation remains obscure because they show no significant correlation with any of the analysed features.
The scores of the two most important factors for each of the species under study are given in Table 2 . The pattern of within-sample variation of wood characters and of the environmental variable examined (summarised by the distribution of the scores of Factors 1 and 2) is presented in Figure 19 .
The samples form a broad cluster stretching across both axes (Fig. 19) . Two samples, both of S. gerrardii, are located at the edge of this cluster along the axis of Factor 1. The single sample of C. paniculata, whose subgeneric rank was recognised by Strey (1973 Strey ( , 1981 and Reyneke (1981 Reyneke ( , 1982 , is separated from all others along the axis of Factor 2. The sub-clusters of the samples belonging to the two other subgenera of Cussonia from Strey's (1973 Strey's ( , 1981 classification (namely Protocussonia and Cussonia), cannot be distinguished within this cluster. Nevertheless, two somewhat overlapping sub-clusters can be discerned, each comprising the species either from low latitudes (between the nearly equatorial zone: N 20°-0° and S 0°-20°, in Fig. 19 ), or from higher latitudes southwards (S 20°-S 35°, in Fig. 19 ). These sub-clusters can also be distinguished with some overlap in the projections of sample variation on Factors 1 and 3, and on Factors 1 and 4 (not presented here).
As the wood samples examined were taken from stems of different sizes (including rather slender ones), the effect of stem radius on the quantitative wood features was estimated by an analysis of variance (ANOVA) using the F-test. Variability of every wood character listed in Table 2 was compared between and within three groups of wood samples with different radii (10-20 mm, 21-40 mm, and 41-62 mm). The results of the ANOVA revealed a statistically significant increase in the average height of multiseriate rays (F = 7.19; p < 0.047; Fig. 20) and in the average width of multiseriate rays (F = 7.57; p < 0.038; Fig. 21 ) as the stem radius increased whereas other wood characters showed no significant effect in relation to stem size.
In order to clarify the environmental influence on wood structure, comparison between two groups of Cussonia and Seemannaralia wood samples collected in low (0°-S 20°) and higher (S 21°-S 35°) latitudes, and also between two groups from dry (with annual rainfall less than 800 mm) and humid habitats (annual rainfall 800-2000 mm) was carried out using the data listed in Table 2 (the latitudes of collection localities are given in Table 1 ). The effects of annual rainfall and latitude on the variability of the wood features were also estimated by the one-way ANOVA using the F-test (Table 4) . These analyses revealed latitudinal trends such as decreases in the annual rainfall, in the mean length of the vessel elements (Fig. 22) and of the fibres (Fig. 23) , in the percentage of solitary vessels (Fig. 24) , the average number of perforation plate bars (Fig. 25) , the average height of multiseriate rays (Fig. 26) , and the average number of vessels per group (Fig. 27 ) which, in higher latitudes, were found to be statistically significant (with p < 0.5). Moreover, a decrease in the average number of vessels per group, as well as increases in the percentage of solitary vessels (Fig. 28) , and in the average number of bars per perforation plate (Fig. 29) show statistically significant relations to the increase in rainfall.
In addition, the variability of the above listed wood features showing statistically significant trends in relation to annual rainfall and/or latitude was estimated by twofactor ANOVA in order to distinguish between the environmental influence from the effect of stem size on wood structure (Table 5) . Two size groups of wood samples (with the radius < 35 mm, and the radius 35 mm and more) were analysed in combination with paired groups of samples either from low (0°-S 20°) and higher (S 21°-S 35°) latitudes, or from dry (with annual rainfall less than 800 mm) and humid habitats (annual rainfall 800-2000 mm). This test confirmed that decreases in the mean length of the vessel elements and of the fibres, the percentage of solitary vessels, and the average number of perforation plate bars in higher latitudes as well as decrease in the average number of vessels per group, and increase in the percentage of solitary vessels are not significantly influenced by the radius of wood samples and, therefore, these trends may be considered as representative of environmental influences. The latitudinal trend in variation of the average height of multiseriate rays seems to be, however, an effect of the stem size rather than of the latitude. Moreover, no statistically significant effects of annual rainfall and sample radius on the variation of the average number of perforation plate bars were revealed by the two-factor ANOVA. 
DISCUSSION
The Cussonia species and Seemannaralia samples studied share certain wood characters that are typical for a number of other Araliaceae genera, including the presence of both scalariform and simple perforation plates, septate fibres and scanty paratracheal axial parenchyma (Metcalfe & Chalk 1950; Rodriguez 1957; Oskolski 1994 Oskolski , 1996 Oskolski , 2001 ). The range of wood structural diversity within these genera is, however, considerable for such a relatively small group. The results of the numerical analyses suggest that the diversity in wood anatomical characters within these taxa is mostly related to environmental factors and, to a lesser extent, to taxonomic groupings or phylogenetic relationships. In some cases, however, we cannot distinguish between ontogenetic (related to sample radius) and latitudinal effects on the variability of wood features because of insufficient sampling. Table 4 . Effects of annual rainfall and latitude on the variability of the wood features estimated by an analysis of variance (ANOVA) using the F-test.
Two groups of wood samples collected in low (0°-S 20°) and higher (S 21°-S 35°) latitudes, and also two groups of wood samples from dry (with annual rainfall less than 800 mm) and humid habitats (annual rainfall 800-2000 mm) were analysed. Degrees of freedom: between-group = 1, within-group = 20. Statistically significant effects (p < 0.05) noted in bold. latitudinal and ecological trends Distinct latitudinal and sometimes also ecological trends are associated with the variation of such important wood characters as the length of tracheary elements, the type of perforation plates, the grouping of vessels and the diameter of vessel lumina as well as the height of multiseriate rays (Tables 4 & 5, . Among them, the shortening of vessel elements and fibres, as well as a decrease in vessel diameter, have been established as environmental trends for many other woody dicotyledonous genera with wide geographical distributions (Baas 1973 (Baas , 1986 Van der Graaff & Baas 1974; Van den Oever et al. 1981; Noshiro & Baas 2000; Lens et al. 2003) . The lengths of tracheary elements are linked to the size of the cambial fusiform cells, but the adaptive or functional significance of these parameters and their changes remain obscure (Noshiro & Baas 2000) .
Larger vessel groupings (i.e. a smaller percentage of solitary vessels) in higher latitudes have been reported for some plant taxa (Carlquist 1966; Van der Graaff & Baas 1974 ), but exceptions have also been noted (Baas & Schweingruber 1987; Baas et al. 1988) . Apparently, the tendency towards large vessel groupings is a result of adaptations to dry environments which are not necessarily correlated to high latitudes (Carlquist 1966; Lindorf 1994; Alves & Angyalossy-Alfonso 2000) . This suggestion is supported by our results for Cussonia and Seemannaralia, where the parameters of Table 5 . Effects of wood sample size on the variability of the wood features showing statistically significant trends related to annual rainfall and latitude (see Table 4 ) estimated by the analysis of variance (two-factor ANOVA) using the F-test.
Two size groups of wood samples (with the radius < 35 mm. and the radius 35 mm and more) were analysed in combination with either two groups of samples collected in low (0°-S 20°) and higher (S 21°-S 35°) latitudes. or two groups of wood samples from dry (with annual rainfall less than 800 mm) and humid habitats (annual rainfall 800-2000 mm). Degrees of freedom: between-group for latitude or annual rainfall = 1. between-group for wood sample radius = 1; within-group = 19. Statistically significant effects (p < 0.05) noted in bold.
Annual
Radius of Latitude Radius of Wood feature rainfall wood sample wood sample vessel grouping (both the number of vessels per group and the percentage of single vessels) are also correlated with annual rainfall. As far as the types of perforation plates are concerned, our results are seemingly the opposite to the findings of other authors (Baas & Schweingruber 1987; Lens et al. 2003) , who reported that scalariform perforation plates occur more commonly at higher latitudes. In contrast to their findings, the Cussonia species with an essentially equatorial distribution have almost exclusively scalariform perforation plates whereas simple perforation plates occur mainly in those species from the southern regions of Africa. The frequency of simple perforation plates can reach c. 40% in C. natalensis and up to 70% in S. gerrardii. Similar tendencies were reported by Alves and Angyalossy-Alfonso (2000) where a higher frequency of scalariform perforation plates was noticed in humid environments (compared to semi-arid and arid). Wheeler and Baas (1991) suggested that this tendency towards simpler perforation plates in xeric habitats is an adaptation to the need for increased conductivity in narrow vessels and therefore supporting higher rates of transpiration. In the present study, the reduction in the number of bars on the perforation plates in Cussonia and Seemannaralia correlates not only with an increase in latitude but also with a decrease in rainfall. We, however, cannot distinguish between ontogenetic (related to sample radius) and environmental effects on the variability of bar numbers on perforation plates because of insufficient sampling.
Taxonomic implications
Although the two genera studied show an overall similarity in wood structure, they differ markedly in several features, and also in the results of the PCA (Fig. 19 ). In contrast to Cussonia, Seemannaralia is distinctive in having predominantly simple perforation plates, an absence of radial secretory canals, and also a relatively high (1.3-1.6) fibre to vessel length (F/V) ratio. At the same time, the presence in Seemannaralia of homogeneous rays and alternate intervessel pits that are polygonal in outline link this genus to the species of Cussonia belonging to subgenus Protocussonia (see below).
In his infra-generic classification, Strey (1973 Strey ( , 1981 recognised the subgenera Cussonia (comprising most of the species), Protocussonia, and Paniculatae. An isolated position of C. paniculata, the single member of the subgenus Paniculatae [its subgeneric rank was also recognised by Reyneke (1981 Reyneke ( , 1982 ], is supported by the results of the PCA (Fig. 19) . We found, however, no wood anatomical characters for clearly distinguishing between C. paniculata (i.e., the subgenus Paniculatae) and the subgenus Cussonia.
Within the subgenus Cussonia, C. arenicola, C. nicholsonii and C. gamtoosensis are distinctive in their narrow rays that do not exceed five cells in width. A close relationship between C. arenicola and C. nicholsonii was recognised by all the students of Cussonia, and Reyneke (1981 Reyneke ( , 1982 even proposed that these two taxa be considered as varieties of C. zuluensis. This opinion cannot be supported by wood anatomical data: C. arenicola and C. nicholsonii differ clearly enough from C. zuluensis and from each other by ray width, the number of marginal rows on the multiseriate rays and the type of intervessel pitting. No relationship of C. arenicola and C. nicholsonii to C. gamtoosensis has been suggested to date.
It is noteworthy that many Cussonia species (with the exception of C. angolensis, C. arborea, C. gamtoosensis, C. spicata and C. transvaalensis) share very low F/V ratios that are nearly equal to one. In other words, the vessel elements in these species are nearly the same length as the libriform fibres, a condition that could be the result of intrusive growth suppression during the differentiation of fibres. This low F/V ratio is quite uncommon for Araliaceae and has been recorded for only a few species, such as Tupidanthus calyptratus Hook.f. & Thoms., Dendropanax chevalieri (Vig.) Merr. and Aralia searelliana Dunn etc. (Oskolski 1994 (Oskolski , 1996 , and is uncommon as well as in other families of dicotyledons (Carlquist 2003) . In the case of Cussonia, we found this condition not only as a sporadic peculiarity of a particular species but as a common tendency shared by members of the genus. This feature could be of taxonomic importance and merits further investigation.
Molecular analyses showed that Seemannaralia represents a branch which is basally diverged from the well-supported subclade comprising all Cussonia species Plunkett et al. 2004) . Despite this basal position the wood structure in Seemannaralia is more specialised in terms of the major trends of secondary xylem evolution established by the Baileyan school (Frost 1930; Bailey 1944 ) than in any species of Cussonia, as the shorter vessel elements and predominantly simple perforation plates suggest. As the members of the Cussonia-Seemannaralia clade are widespread within a range of humid and arid habitats, both in tropical and subtropical zones, the short fusiform cambial cells and the numerous simple perforation plates in Seemannaralia are more likely a result of a long evolutionary history of expansion into the dry grass-and shrubland biomes of southern Africa, rather than as the ancestral conditions (Bredenkamp et al. 2002) . A similar explanation can also be proposed based on another case of apparent reversals in major evolutionary trends within Araliaceae, viz. for the temperate genus Tetrapanax (K. Koch) K. Koch. As molecular data suggest, this taxon is placed in a basal position to the tropical clade comprising Heteropanax Seem. and the Asian Schefflera species Plunkett et al. 2005) . However, it has a more specialised wood structure than that of the latter two taxa (Oskolski 1994 (Oskolski , 1996 . Generally, accurate analyses of inter-relationships between the major evolutionary trends and latitudinal or/and ecological trends in diversity of the same wood features in other plant taxa on the frameworks of their molecular trees could be of great interest.
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